Amide linkages are among the most important chemical bonds in living systems, constituting the connections between amino acids in peptides and proteins. We demonstrate the controlled formation of amide bonds between amino acids or peptides in the gas phase using ion/ion reactions in a mass spectrometer. Individual amino acids or peptides can be prepared as reagents by (i) incorporating gas phaselabile protecting groups to silence otherwise reactive functional groups, such as the N terminus; (ii) converting the carboxyl groups to the active ester of N-hydroxysuccinimide; and (iii) incorporating a charge site. Protonation renders basic sites (nucleophiles) unreactive toward the N-hydroxysuccinimide ester reagents, resulting in sites with the greatest gas phase basicities being, in large part, unreactive. The N-terminal amines of most naturally occurring amino acids have lower gas phase basicities than the side chains of the basic amino acids (i.e., those of histidine, lysine, or arginine). Therefore, reagents may be directed to the N terminus of an existing "anchor" peptide to form an amide bond by protonating the anchor peptide's basic residues, while leaving the N-terminal amine unprotonated and therefore reactive. Reaction efficiencies of greater than 30% have been observed. We propose this method as a step toward the controlled synthesis of peptides in the gas phase.
Amide linkages are among the most important chemical bonds in living systems, constituting the connections between amino acids in peptides and proteins. We demonstrate the controlled formation of amide bonds between amino acids or peptides in the gas phase using ion/ion reactions in a mass spectrometer. Individual amino acids or peptides can be prepared as reagents by (i) incorporating gas phaselabile protecting groups to silence otherwise reactive functional groups, such as the N terminus; (ii) converting the carboxyl groups to the active ester of N-hydroxysuccinimide; and (iii) incorporating a charge site. Protonation renders basic sites (nucleophiles) unreactive toward the N-hydroxysuccinimide ester reagents, resulting in sites with the greatest gas phase basicities being, in large part, unreactive. The N-terminal amines of most naturally occurring amino acids have lower gas phase basicities than the side chains of the basic amino acids (i.e., those of histidine, lysine, or arginine). Therefore, reagents may be directed to the N terminus of an existing "anchor" peptide to form an amide bond by protonating the anchor peptide's basic residues, while leaving the N-terminal amine unprotonated and therefore reactive. Reaction efficiencies of greater than 30% have been observed. We propose this method as a step toward the controlled synthesis of peptides in the gas phase.
peptide ligation | ion chemistry T he formation of amide bonds between amino acids holds widespread interest as it is relevant to the origin of life. Although the process by which these early peptides were formed remains an open question, laboratory-based approaches for peptide synthesis have been in place for over a century. The first controlled synthesis of diglycine via hydrolysis of diketopiperazine by Fisher in 1901 (1) marked the beginning of a long path of development of peptide synthesis approaches. Since that time, peptide synthesis has undergone several developments, beginning as solution phase reactions and eventually evolving in 1963 with Merrifield's introduction of solid resins in peptide synthesis (2), more commonly referred to as solid phase peptide synthesis (SPPS). Although this technique has undergone a dynamic maturation over the past few decades, it is still regarded as expensive and inelegant (3, 4) . Furthermore, there are still several challenges that are not likely to be overcome without a significant change to the synthesis approach, beyond inherent challenges such as, for example, solubility of reagents. SPPS requires significant use of protecting and deprotecting agents, cleaving agents, and other solvents for washing, drying, and dissolving the newly formed peptides. This method quickly becomes a rather wasteful approach when considering the sacrifices made to produce just a single amide bond (3) . Alternative synthesis approaches, such as chemical ligation (5, 6) and molecular machine-mediated peptide synthesis (7), offer more elegant approaches despite maintaining several of the previously mentioned requirements.
Amide bond formation is among the most widely executed reactions in organic chemistry with the most common approach involving the activation of a carboxyl group followed by nucleophilic attack of an unprotonated (and, therefore, nucleophilic) amine. The formation of amide bonds in the gas phase has been studied through computational work involving ion/molecule reactions (8) and has been demonstrated previously through uncatalyzed (9) and catalyzed reactions (10) , photoexcitation reactions of proton-bound dimers (11, 12) , ion/molecule reactions (13) (14) (15) , and directed ion/ion reactions (16) (17) (18) using Nhydroxysulfosuccinimide (sulfoNHS) esters. Gas phase separation of isomeric species has also been achieved through ion mobility techniques (19) , which could be used as a further purification method. Furthermore, methods for collecting peptides and proteins in the gas phase have been developed based on softlanding techniques (20) (21) (22) , which have even been extended to create microarrays of protein ions (23) from a mass spectrometer. By activating the carboxyl group of amino acids or peptides with NHS or sulfoNHS esters and protecting reactive functionalities, such as the amines, with gas phase-labile protecting groups, we generate a reagent that can be covalently attached to the N terminus of an existing unprotected peptide, which we call the "anchor" peptide. The directed N-terminal addition stems from both the preferential protonation of basic sites and the requirement of a nucleophilic attack on the carbonyl carbon of the sulfoNHS ester. Basic sites, such as arginine, lysine, or histidine, on the anchor peptide have higher gas phase basicities (24) (25) (26) (27) (28) (29) (30) than the Nterminal amines of the naturally occurring amino acids. Protonation of those sites is much more favorable than the N terminus, which renders them unreactive toward the activated carboxyl groups, while leaving the unprotonated N-terminal amine as the main reactive site. The reagent synthesis is demonstrated using a variety of amino acids with different reactive functionalities and is extended to small peptides such as di-and triglycine, which are then covalently added to the N terminus of an anchor peptide.
Here, we present a gas phase method that allows the directed formation of amide bonds between amino acids or short peptides with anchor peptides via ion/ion reactions in a mass
Significance
The generation of peptide bonds is of longstanding interest both from the standpoints of the origin of life and for synthesis. We describe here a general approach for forming peptide linkages in the gas phase via ion/ion reactions. Examples of the addition of a single amino acid to the N terminus of a peptide and the addition of a polypeptide to the N terminus of a peptide are demonstrated. This work constitutes a unique means for generating peptide linkages that are fast (<1 s), efficient (tens of percent), and flexible. Possible application areas include the generation of peptide libraries for the generation of tandem MS data and for the soft landing of peptide products for microarrays.
spectrometer. The method offers a rapid, efficient, and flexible approach for the generation of gaseous linear peptide ions and unique branched polypeptides. Furthermore, the absence of solvent impedes the formation of carbocations, which essentially eliminates the possibility of racemization.
Results and Discussion
Peptide Extension: A General Mechanism. Ion/ion reactions in a mass spectrometer are fast and highly exothermic as a result of, among other things, a strong Coulombic attraction (31) (32) (33) (34) (35) . Competing pathways in these reactions mainly include proton transfer (PT), electron transfer (ET), and electrostatic complex formation, all of which are heavily dependent on the nature of the two reactants. If the anionic reagent has a low enough electron affinity to transfer an electron, then the reactivity between ET begins to compete with PT (36) . However, if the reagent does not have a low electron affinity, then competition between PT and electrostatic complex formation is the main competing pathway to consider. In the case of sulfoNHS ester reagents, the electron affinities are high enough to prevent ET from being a competitive channel. Furthermore, if the reagent contains a sufficiently delocalized, or "sticky," charge-bearing site, then electrostatic complex formation tends to be the dominant pathway over PT. In the case of a multiply protonated anchor peptide and an anionic sulfoNHS ester reagent, the strong attraction between the oppositely charged ions results in the formation of a long-lived electrostatic complex. Upon activation of the electrostatic complex via energetic collisions, a nucleophilic attack by the unprotonated N-terminal amine of the anchor peptide on the carbonyl carbon of the sulfoNHS ester takes place within the complex (Fig. 1A) , resulting in the formation of an amide bond at the N terminus of the anchor peptide with concomitant loss of the neutral sulfoNHS molecule (Fig. 1B) . At this point, the anchor peptide has been extended; however, the protecting groups, labeled PG in Fig. 1 , remain on reactive functionalities. A second activation step results in the loss of the protecting group(s), regenerating the initial functional group(s) (Fig. 1C) . The protecting group tert-butyloxycarbonyl (boc) is used to protect amines, such as the N-terminal amine, the e-amine of lysine, and the secondary amine of the imidazole ring of histidine. Several similar protecting groups have been shown to be labile in the gas phase such that, upon activation, these protecting groups are lost and the corresponding functional group is regenerated. A list of protecting groups investigated and the matching functional groups is provided in Table 1 . Data demonstrating gas phase deprotection of several functional groups are provided in SI Text along with a table that summarizes the amino acids and di-and tripeptides that have been added to anchor peptides and the reagents used for their coupling.
Addition of a Tripeptide Reagent to an Anchor Peptide. Peptide extension is demonstrated here by adding the tripeptide GGG, where G is glycine, to the anchor peptide PKAAAKA, where P is proline, K is lysine, and A is alanine. Unless described as being N-terminally protected with a boc group or C-terminally activated with a sulfoNHS ester, the peptides are otherwise unmodified. We have shown previously that primary amines, such as the e-amine of lysine and the N-terminal amines, are highly reactive toward sulfoNHS esters via ion/ion reactions (16) (17) (18) . This is a demonstration of covalent modification of a secondary amine using sulfoNHS esters via gas phase ion/ion reactions. Here, proline was chosen to show that, despite the greater basicity of the secondary amine of proline compared with the primary amines of the remaining naturally occurring amino acids, protonation at the basic residue, lysine in this case, was still more favorable. Consequently, this results in covalent modification occurring at the N-terminal (Fig. 2C) , which are produced from subsequent fragmentation of the unprotected peptide GGGPKAAAKA.
Comparison Between Gas Phase-Prepared and Solution-Prepared
Peptides. Tandem mass spectrometry (MS/MS) can be performed on the peptide GGGPKAAAKA, prepared via ion/ion reactions to determine the sequence. To validate the identity of the newly formed peptide, its fragmentation spectrum was compared with that of a peptide of the same sequence prepared by NEOBioLab using SPPS. Fig. 3 
compares the dissociation behavior of [GGGPKAAAKA + H]
+ prepared in the mass spectrometer (Fig. 3A) to the common SPPS method (Fig. 3B) . The two spectra are very nearly identical; however, the presence of y-ions labeled with a solid diamond, in the gas phase-prepared peptide spectrum (Fig. 3A) , indicates evidence for reaction of a lysine side chain as a minor reaction channel for the peptide reactant ions. This would occur if a proton was bound at the Nterminal amine, leaving the e-amine of one of the lysine residues unprotonated and therefore reactive toward the reagent. Although it is a much less favorable pathway, linkages to the side chains of lysine residues can be observed. This side reaction has not been observed when histidine or arginine residues are used as the basic proton-bearing sites in the anchor peptide. The precursor ion used to produce the spectrum of Fig. 3A could contain a mixture of the desired peptide, GGGPKAAAKA, and the anchor peptide with a modification at either lysine. The similarities of both the peak locations on the mass scale and their relative abundances produced from fragmentation of the gas phase-prepared peptide (Fig. 3A) to those produced from fragmentation of the SPPS-prepared peptide (Fig. 3B) suggest that the two precursor ions are nearly identical. In this regard, it is likely that the mixture of isomers of Fig. 3A is comprised, in large part, of the desired peptide, GGGPKAAAKA, with any other isomeric products present at under 10%. In general, to achieve separation of isomers that may be produced from reaction at two or more sites, one could envisage the use of ion mobility MS as a purification method for the desired product. Table 1 . Functional groups considered and the corresponding gas phase-labile protecting groups used
The single asterisk (*) indicates that primary or secondary amines can be protected with boc. The double asterisk (**) indicates that rather than a covalently bound protecting group, the guanidinium-sulfonate interaction is electrostatic.
Reaction Efficiency. The overall reaction efficiency, defined as the percentage of initial peptide reactant ions that are converted to product, is dependent on several factors, such as the extent to which the peptide reactant ion is allowed to react with the reagent (with sufficient reagent anion numbers and reaction time, 100% depletion of the peptide reactant is possible), the extent to which the ion/ion complex is dissociated (under optimal activation conditions, 100% efficiency is possible), the competition between PT and covalent reaction, and the deprotection efficiency. Fig. 4 illustrates the overall efficiency for the addition of diglycine to the anchor peptide using conditions tuned to give relatively high step-wise efficiencies. In this case, an overall efficiency of 31% was measured. This value is based on comparing the abundance of the precursor anchor peptide,
, to the extended and deprotected peptide ion, [GGAKAAAKA + H] + , generated using the gas phase process and is based on the sum of 20 scans for each spectrum. The various steps leading from the reactants to the final product are listed in Fig. 4 , Inset and are analogous to those described in Fig. 2 .
Conclusion
This process has applied common concepts of conjugation chemistry to gas phase ion/ion reactions performed in the mass spectrometer to create a method for rapid directed and efficient formation of amide bonds in peptides. A variety of amino acids and small peptides have been used to form amide bonds to the primary or secondary (proline) N-terminal amines of anchor peptides. Thus far, there has been no restriction to the amino acid(s) added to the anchor peptide or to the sequence of the anchor peptide, provided that certain criteria are met. The criteria for reaction are (i) the anchor peptide must bear n protons such that its absolute charge, jzj, is greater than that of the reagent ion, jz-1j; (ii) the number of basic sites, including the N-terminal amine, must be n+1 for n protons; (iii) the reagent ion must have the nucleophilic functional groups protected with a gas phase-labile protecting group (boc in this case); (iv) the carboxyl group must be activated with a reactive ester (NHS); and (v) the reagent must contain a charge-bearing site (sulfonate). This approach can be modified to create branched peptides by protecting (or protonating) nucleophilic sites on the anchor peptide such as the N terminus or by introducing sites with higher gas phase basicity, such as arginine residues, to favor protonation at those sites, keeping the less basic amines of lysine unprotonated and therefore free to react.
Materials and Methods
Boc-gly-gly-OH and boc-gly-gly-gly-OH were purchased from Bachem Americas, Inc. SulfoNHS and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) were purchased from PierceNet. Methanol (MeOH) and N,Ndimethylformamide (DMF) were purchased from Macron Chemicals. The peptides AKAAAKA, PKAAAKA, and GGGPKAAAKA were synthesized by NeoBioSci.
SulfoNHS Ester Reagent Preparation. Boc-protected amino acid and small peptides were dissolved in mixtures of MeOH and DMF. SulfoNHS esters were prepared by activating the carboxyl derivatives of the boc-protected amino acids or peptides using an equimolar amount of EDC in a mixture of DMF and H 2 O. To this, equimolar amounts of sulfoNHS in H 2 O were added, which resulted in the formation of an ester between the carboxyl group and the N-hydroxy of the succinimide, leaving the boc-protected sulfoNHS ester amino acid or peptide reagent. Final concentrations of sulfoNHS ester reagents were prepared to between 25 and 50 mM.
MS.
All MS experiments were performed on QqQ hybrid triple quadrupole/ linear ion trap (LIT) mass spectrometers (QTRAP 2000 and QTRAP 4000, AB Sciex), modified with home-built, alternately pulsed nanoelectrospray ionization sources (38) . Analyte and reagent ions were sequentially massselected in the Q1 mass filter, and then subsequently transferred to the q2 reaction cell for mutual storage ion/ion reactions (39) for periods between 500 ms and 1,000 ms in length. Mutual storage reactions were performed by applying alternating current waveforms to the IQ2 and IQ3 lenses, while ions of both polarities were held in the q2 reaction cell. The long-lived electrostatic complex reaction product ions were then transferred to the Q3 LIT, where they were mass-selected and collisionally activated using ion trap CID by applying a low amplitude dipolar waveform for periods between 100 and 2,000 ms. For all subsequent fragmentation steps, additional quadrupolar radio frequency and direct current voltage isolations followed by ion-trap CID were performed. The ions were then mass-analyzed using mass-selective axial ejection (40) .
Activation of the electrostatic complex between the reagent ion and the anchor peptide required the longest activation period with the lowest amplitude. By using a low-amplitude waveform to slowly heat the electrostatic complex, the covalent modification pathway often becomes more favorable than the PT pathway. Although this behavior is highly dependent on the nature of the ions involved in the electrostatic complex, all of the reagents investigated herein have reacted in a manner consistent with this observation. Following the formation of an amide bond between the protected reagent ion and the anchor peptide, subsequent activation steps may vary in the amplitude and time required to initiate gas phase deprotection of functional groups. In general, shorter activation periods with higher amplitude may be used to initiate gas phase deprotection; however, the higher the amplitude used, the more likely it becomes that cleavages occurring along the peptide backbone will be observed in competition with deprotection events. Therefore, extended activation periods with low amplitudes may also be used for deprotection to maximize the formation of the unprotected peptide.
